The objective of this work was to evaluate the physical quality of an Oxisol under no-tillage subjected to different crop rotations and crop sequences. The experiment was carried out in a clayey Oxisol, during six years, in a randomized complete block design, with strip plots and three replicates. The following physical indicators of soil quality were evaluated: soil density and carbon content, as well as mean weight diameter and tensile strength of aggregates. Treatments consisted of three summer crop rotations -corn/ corn (Zea mays), soybean/soybean (Glycine max), and soybean/corn -and of seven second crops (crop sequences) -corn, sunflower (Helianthus annuus), oilseed radish (Raphanus sativus), pearl millet (Pennisetum americanum), pigeon pea (Cajanus cajan), grain sorghum (Sorghum bicolor), and sun hemp (Crotalaria juncea). Crop rotations and sequences did not affect soil carbon contents. Corn, as a summer crop, increased the tensile strength and mean weight diameter of aggregates, similarly to pearl millet and sorghum as second crops. Soybean/corn rotation with sun hemp as a second crop increases soil physical quality, promoting higher tensile strengths and lower soil densities.
Introduction
Soil physical quality is strictly related with its organic carbon content, and reductions in this attribute often decrease crop productivity and enhance soil vulnerability to physical degradation.
No-tillage systems can potentially reverse soil degradation in tropical regions and, with the intensification and proper use of crop sequences, it can also increase soil organic carbon (SOC). Sá et al. (2013) reported SOC increases of 0.67 Mg ha -1 per year by reducing soil disturbance with no-tillage, which can Pesq. agropec. bras., Brasília, v.51, n.9, p.1568-1574, set. 2016 DOI: 10.1590/S0100-204X2016000900056 also lead to soil aggregation, reduced soil density, and greater least limiting water range (Seben Junior et al., 2014) .
The benefits of the proper use of crop sequences to the soil vary according to the diversity of the species used in the cropping system. Crop sequence arrangements with greater species diversity, for example, can improve SOC by 1.30 Mg ha -1 per year (Sá et al., 2013) , increase biopores and the tensile strength of soil aggregates (Tormena et al., 2008) , improve aggregate size , decrease soil density, and increase macro-and total porosity (Spera et al., 2009 ). However, information on which cropping system can promote more benefits to soil physical quality in tropical regions is still needed for a better adjustment to environmental specificities.
In the Brazilian Southeast, one of the most limiting factors for a greater addition of plant biomass to the soil is the restricted growth of crops during the fall and winter, imposed by the hot and dry weather of these seasons in the region. Among the options for second crops in tropical regions, sun hemp (Crotalaria juncea L.), pigeon pea [Cajanus cajan (L.) Millsp.], and oilseed radish (Raphanus sativus L.) are well known and used as cover crops due to their high production of biomass C and N, with low C:N ratio. Pearl millet [Pennisetum americanum (L.) K.Schum] is also commonly used as a cover crop in the country. Sunflower (Helianthus annuus L.), corn (Zea mays L.), and sorghum [Sorghum bicolor (L.) Moench], in turn, can be used both as cover and as grain crops. Studying the impacts of diverse/ complex cropping systems under no-tillage is useful for understanding their effects on soil quality.
The objective of this work was to evaluate the physical quality of an Oxisol under no-tillage subjected to different crop rotations and crop sequences.
Materials and Methods
The experiment was established in 2002 and carried out for six years in the municipality of Jaboticabal, in the state of São Paulo, Brazil (2114' S, 48°17'W, at 550 m of altitude). The climate of the experimental area is Aw according to Köppen's classification, with 70% relative humidity, mean annual temperature of 22ºC, and mean annual rainfall of 1,425 mm, concentrated between October and March. The soil at the experimental site is classified as a clayey Latossolo Vermelho eutrófico (Oxisol), based on the Brazilian soil classification system (Santos et al., 2013) . Before the establishment of the experiment, the soil had been cultivated with soybean and corn, under conventional tillage, for more than 25 years.
A randomized complete block design was used, with strip plots and three replicates. Each block had 21 plots (crop sequences), consisting of the combination of three summer crop rotations and seven second crops (succession crops). The summer crops were grown between November and March, and were repeated every year in the same plots. The tested rotations were: corn/corn, corn monoculture; soybean/soybean, soybean monoculture; and soybean/corn rotation. The following succession crops were sown in March and repeated every year in the same plot: corn, sunflower, oilseed radish, pearl millet, pigeon pea, grain sorghum, and sun hemp.
Sampling was done at the 0.00-0.10-m soil layer, in the sixth year of the experiment. Twenty subsamples of disturbed soil were taken randomly to obtain a composite sample in each plot, using a Dutch auger. Moreover, ten soil monoliths of 0.10x0.20x0.15 m were also taken from each plot for the structural analysis.
Each soil monolith was wrapped with a plastic film to preserve its structure and moisture content during transportation to the laboratory. In the laboratory, the monoliths were air-dried, at 20ºC, for 24 hours, then broken manually into natural aggregates. From this material, 50 aggregates of 12.5-19.0-mm diameter were selected (Seben Junior et al., 2013) , of which 10 were used to determine soil density by the clod method (Grossman & Reinsch, 2002) . Each of the other 40 aggregates was weighed individually and placed at its most stable position for the compressive test, using a digital dynamometer, which was equipped with a linear actuator and load cell of 20 kg (Figueiredo et al., 2011) , and operated at a constant speed of 1.76 mm s -1 . The tensile strength was calculated according to the effective diameter of the aggregate (Dexter & Kroesbergen, 1985) .
From the composite soil sample, two portions were divided: one (1 g) to determine SOC content (Yeomans & Bremner, 1988) ; and the other, to determine the mean weight diameter (MWD) by wet sieving. The SOC stock (Mg ha -1 ) was obtained from data on soil bulk densities and SOC contents (Ellert & Bettany, 1995) . The rate of carbon sequestration was calculated Pesq. agropec. bras., Brasília, v.51, n.9, p.1568-1574, set. 2016 DOI: 10.1590/S0100-204X2016000900056 by subtracting the SOC content at the establishment of the experiment, in 2002, from the actual SOC contents, divided by the number of experimental years.
The MWD was obtained according to Kemper & Rosenau (1986) , using 40 g of air-dried aggregates with 4.0-6.3-mm diameter, which were transferred to a nest of sieves with decreasing order of mesh sizes: 4.00, 2.00, 1.00, 0.50, 0.25, and 0.125 mm. The aggregates were directly immersed in water (without pre-wetting), for 15 min, in an apparatus with vertical oscillation adjusted to 31 cycles per min and with an amplitude oscillation of 35 mm. The soil retained on each sieve was transferred to weighted aluminum cans and oven-dried, at 105 o C, for 24 hours. Appropriate correction was made for primary particles of sand or gravel retained on the sieves of 0.5, 0.25, and 0.125 mm (Kemper & Rosenau, 1986) .
Differences in SOC, carbon stock, rate of C sequestration, MWD, tensile strength, and soil bulk density were compared with Tukey's test, at 5% probability, after the analysis of variance.
Results and Discussion
SOC contents and stocks, as well as rates of C sequestration, did not differ between the cropping systems ( Figure 1 ). Calonego & Rosolem (2008) reported that the variation in SOC must be considered in discussions on how crop sequences can increase soil quality, even when differences are not significant. The increases in SOC observed in the present study varied by 0.7 g kg -1 , between second crops, and by 0.3 g kg -1 , between summer crops. Increased SOC is closely related with carbon sequestration and can reduce net increase in the atmospheric CO 2 load (Bayer et al., 2006) .
The rate of C sequestration in the soil under summer crops ranged from 0.13 to 0.18 Mg ha -1 per year, whereas under second crops, it ranged from 0.11 to 0.21 Mg ha -1 per year (Figure 1) . These results are lower than the annual mean rate of C sequestration for tropical soils under no-tillage system in Brazil, which has been estimated as 0.35 Mg ha -1 per year for the soil layer of 0.00-0.20 m, in the first 10 to 20 years after the adoption of no-tillage systems (Bayer et al., 2006) . This result may be attributed to the low quantity of plant biomass added to the soil surface by the second crops, grown during the dry season in the region.
Corn, as a summer crop, in rotation or in monoculture, increased the MWD of aggregates, in comparison with continuous soybean (Table 1) . Grasses are more effective in increasing soil aggregation since their root system releases more exudates that promote this attribute, which can physically protect organic materials. Martins et al. (2009) , in a study at the same site, verified that continuous corn had the largest aggregates, due to higher contents of SOC, polysaccharides, and easily hydrolysable C. In addition, Martins et al. (2012) found higher MWD in soil with corn as a summer crop, explained by the higher quantities of pentoses, mainly xylose, released from its biomass, when compared with non-grasses.
The MWD increased in soil under pearl millet and grain sorghum successions, in comparison with oilseed radish and pigeon pea (Table 1) , and it was also higher under corn and sun hemp. A great MWD can be related to specific root system characteristics and to a large residue production. Increases in soil aggregation by Poaceae species were reported in several studies (Martins et al., , 2012 . Garcia & Rosolem (2010) found that pearl millet and grain sorghum improve soil MWD due to their increased root growth. Martins et al. (2012) , in a study in the same area, also observed higher MWD in soil under pearl millet and grain sorghum than under oilseed radish, with intermediate values of the attribute for soil under corn, pigeon pea, sun hemp, and sunflower.
Soil under oilseed radish had the smallest MWD. This result is probably related with the lower quantity of crop residues added to the surface, as well as to their short residence time. Oilseed radish reaches the flowering stage 45 days after germination, when it is cropped and its residues are distributed on soil surface. This contributes to the low quantity of remaining residues after the management, which, according to Crusciol et al. (2005) , amounts only to 27% of the total added 53 days after cropping. Blanco-Canqui & Lal (2008) found that the removal of 25% of the corn residues in no-tillage systems decreased the resistance and stability of soil aggregates, probably because of the reduction of cementing agents derived from the residues. Blanco-Canqui & Lal (2009) also reported that corn residue removal at rates higher than 25% reduced soil macroaggregates (>4.75 mm) by 40%, while the removal of 100% reduced macroaggregates by 60%. Summer crop rotations and crop sequences strongly interacted regarding soil tensile strengths (Table 1) . For soybean/corn, the highest tensile strength was observed when sun hemp was used as a second crop, instead of oilseed radish or pigeon pea ( Table 2) . The improvement in soil aggregation by sun hemp may be explained by its vigorous root system and by its capacity to increase soil organic matter (SOM), since Figure 1 . Soil organic carbon (SOC) content and stock, and rate of carbon sequestration as affected by the combination of summer crop rotation arrangements and second crops. Means followed by equal letters do not differ by Tukey's test, at 1% probability.
Pesq. agropec. bras., Brasília, v.51, n.9, p.1568-1574, set. 2016 DOI: 10.1590/S0100-204X2016000900056 the roots of this species can penetrate the compacted soil layer and create biopores (Foloni et al., 2006) . In the same experimental site of the present study, Marcelo et al. (2009) found the highest increase in SOM content, up to the 30-cm depth, when sun hemp was used, in comparison with other second crops.
The highest tensile strength was observed in soil under sunflower, in combination with soybean/corn rotation, although the values under corn did not differ significantly (Table 2) . However, when in combination with continuous soybean, the soil under sunflower had the lowest values of tensile strength. Similar results were obtained for sun hemp, which favored higher tensile strength with soybean/corn rotation than with continuous corn or soybean as summer crops. Crop sequences involving sunflower and sun hemp show the importance of crop rotation arrangements on soil aggregation, considering different families, diverse root systems, and variable residue input and persistence on soil surface; these factors determine soil quality in no-tillage systems. Deep root systems, for example, accentuate the effect of wet and dry cycles on soil aggregation, improving it (Ungaro et al., 2005) . This is the case of sunflower (Asteraceae), which has a tap root system that can reach up to 2-m depth.
Soil bulk density was significantly affected by the interaction between summer crops and crop sequences (Table 1) . With soybean/corn rotation, the second crops oilseed radish, grain sorghum, and sun hemp reduced soil bulk density, when compared with corn (Table 2) . For continuous corn, soil bulk density was lower in soil under sun hemp than under sunflower. Oilseed radish, grain sorghum, and sun hemp were mechanically sown with row spacing of 45 cm, whereas sunflower was sown with 90 cm, which probably affected the efficiency of the second crops in reducing or maintaining soil bulk density.
Plots cultivated with sunflower, within soybean/corn rotation, had lower soil bulk density than sunflower with continuous corn as a summer crop. Similar trends were observed for tensile strength, indicating that the increase in soil aggregation decreases soil bulk density and increases total porosity. Corn cultivated as a second crop within soybean/corn rotation, as well as sunflower within continuous corn, increased soil bulk density, probably due to the lower crop residue input on soil surface. Blanco-Canqui et al. (2006) reported that the removal of corn residues increased soil bulk density; however, a year after their addition, at 5 Mg ha -1 , soil bulk density decreased by 10-13%, in a silt loam soil, and by 6% in a clayey loam soil.
Conclusions
1. Corn (Zea mays) as a summer crop, in monoculture or in rotation with soybean (Glycine max), increases the mean weight diameter (MWD) and tensile strength of soil aggregates in tropical regions.
2. Pearl millet (Pennisetum americanum) and grain sorghum (Sorghum bicolor) as second crops promote MWD of soil aggregates.
3. Soybean/corn rotation as a summer crop, associated with sun hemp (Crotalaria juncea) as a second crop, increases soil physical quality, with positive effects on tensile strength of aggregates and on soil bulk density.
